Road tunnels are vital infrastructures providing underground vehicular passageways for commuters and motorists. Various quantitative risk assessment (QRA) models have recently been developed and employed to evaluate the safety levels of road tunnels in terms of societal risk (as measured by the F/N curve). For a particular road tunnel, traffic volume and proportion of heavy goods vehicles (HGVs) are two adjustable parameters that may significantly affect the societal risk, and are thus very useful in implementing risk reduction solutions. To evaluate the impact the two contributing factors have on the risk, this paper first presents an approach that employs a QRA model to generate societal risk for a series of possible combinations of the two factors. Some combinations may result in F/N curves which do not fulfill a predetermined safety target. This paper thus proposes an "excess risk index" in order to quantify the road tunnel risk magnitudes which do not pass the safety target. The two-factor impact analysis can be illustrated by a contour chart based on the excess risk. Finally, the methodology has been applied to Singapore's KPE road tunnel and the results show that in terms of meeting the test safety target for societal risk, the traffic capacity of the tunnel should be no more than 1,200 vehs/hour·lane, with a maximum proportion of 18% HGVs.
INTRODUCTION
Road tunnels are vital infrastructures providing underground vehicular passageways for commuters and motorists. They contribute to transportation systems, both economically and practically, because they enhance capacity and accessibility. However, fatal accidents occurring in road tunnels may result in catastrophic consequences. In order to evaluate the risks associated with these complex hazardous installations, the quantitative risk assessment (QRA) methodology, consisting of event trees, fault trees and consequence estimation models, was proposed in the 1970s and has been applied extensively since then. (1) (2) (3) This is because it systematically deals with all possible hazards, the magnitudes (severities) of possible adverse consequences and the likelihood (frequency) of each possible scenario. Based on this methodology, several different QRA models have been developed by different countries to assess the risks of their road tunnels. (1) For some newly constructed urban road tunnels, configurations, geometries, electrical and mechanical (E&M) systems (e.g. tunnel ventilation systems), traffic volumes, accident frequencies, and other factors, may vary from one section to another.
These types of tunnels, characterized by non-uniform tunnel parameters, are referred to as non-homogeneous urban road tunnels by Meng et al. (2010) . (4) A new QRA model named QRAFT was recently developed for non-homogeneous urban road tunnels and has been applied successfully by Singapore's Land Transport Authorities (LTA) to road tunnels there. (4) (5) (6) (7) Various risk indices are applied to evaluate the risks of hazardous installations in risk analysis models. (8) (9) (10) According to The Handbook of Tunnel Fire Safety (11) , the consequences of tunnel incidents may include: (1) fatality, (2) injury, (3) property loss, and (4) disruption of operations, with the number of fatalities being the predominant concern of the LTA. The comprehensive literature review also shows that the majority of the existing QRA studies on road tunnels only take the number of fatalities into account. (1, 2) In addition, all the preventive and/or protective systems (e.g. fire detection systems, tunnel ventilation systems) installed in a road tunnel aims specifically to reduce number of fatalities. In fact, the injury and property loss are the concerns of insurance company from which the victims claim money, not the concerns of tunnel authorities. Therefore, this study also uses the societal risk (represented by Frequency/Number of fatalities curve), from their perspective of land transport authorities, to measure the consequence without taking into consideration the other concerns. Societal risk is a widely used and well recognized index, reflecting the relationship between the frequency and number of fatalities on a double logarithmic scale. (12) Most countries have chosen an upper bound for societal risk as a safety target for their road tunnels. (2, 13) If the F/N curve generated by a QRA model is below the chosen safety target, the road tunnel is considered safe.
Otherwise, risk reduction measures need to be implemented.
Under the QRA model, the risk of a given road tunnel is determined by its geometries, traffic volume, vehicle composition, hazmat transportation, E&M systems, the distance between evacuation exits, and other parameters. The tunnel geometries and safety provisions are designed at the planning stage. Once the tunnel is open to traffic, these parameters are considered to be un-adjustable -it would be difficult, if not impossible, to adjust these parameters to reduce the risks.
By contrast, critical components of traffic flow can be controlled conveniently through the use of entry controls and traffic regulations. Total traffic flow has an important bearing on societal risk because as the traffic volume in a road tunnel increases there tends to be an increase both in the frequency of accidents and in the number of injuries and fatalities in any given accident (14, 15) . The number of Heavy Goods Vehicles (HGVs) in proportion to total traffic is an important factor within this general pattern, both because HGVs as such increase the risk of accident, and because an accident involving an HGV tends to be more severe in terms of fatalities than one involving only smaller vehicles. These elements are recognized in Singapore, where prior notice must be given to the Transport Authority (LTA) before an HGV can enter a road tunnel, and overall traffic flow through the tunnel can be controlled using the normal signaling system.
The above discussion implies that traffic volume and proportion of HGVs are two critical contributing factors to the societal risk of road tunnels. It is thus important to capture a picture of how these two factors affect societal risk. Towards this end, a risk impact analysis approach is proposed, not only to support the design considerations of new tunnels by varying these two factors (planning data), but also to evaluate various road tunnel traffic control schemes and HGV transport regulations, which may provide helpful information to decision makers. In addition, given a combination of the traffic volume and the proportion of HGVs, the F/N curve generated by a QRA model may not fulfill a predetermined road tunnel safety target. In this case, we need an index to measure how far the risk is from the safety target. Accordingly, the "excess risk index" is defined to quantify the danger levels of road tunnels relative to the safety target. Based on this index, a contour chart is plotted, incorporating possible combinations of the two contributing factors. This chart could further facilitate LTAs' decision making.
The contributions of this paper can be summarized as follows. Firstly, an impact analysis methodology for road tunnels, based on QRA models, is proposed to quantify the impact of the traffic volume and the proportion of HGVs on the risk, which will support tunnel designers' decision making, as well as the determination of traffic control strategies. Secondly, the excess risk index allows us to evaluate the relative danger levels of tunnels which do not meet the safety target. The contour chart based on this may further facilitate risk reduction plans. Thirdly, applications of this approach to the
Singapore KPE road tunnel demonstrate the usefulness and effectiveness of the proposed methodology using actual data.
The remainder of the paper is organized as follows. In Section 2, we briefly introduce the QRAFT model and the definition of societal risk. This is followed by the definition of the excess risk index and excess risk-based impact analysis procedure in Section 3.
Section 4 presents the application of the methodology to the KPE road tunnel in Singapore. The final section contains conclusions and discussions.
QRAFT MODEL AND SOFTWARE

QRAFT Model
Singapore's road tunnels cannot be homogeneously examined without taking the multifarious geometric layouts of its tunnel sections into account and the existing QRA models thus cannot be applied to Singapore road tunnels. Therefore, the National 
Societal Risk and Safety Targets
Societal risk is defined as the frequency of incidents with more than a given number of fatalities due to the realization of specified hazards. (12) It can be represented graphically in the form of an F/N curve. This measure is generally accepted in the quantitative risk assessment of road tunnels.
(1,2) Let   F N denote the estimated annual frequency of incidents incurring N or more fatalities. We thus have:
where i F is the estimated annual frequency of scenarios with i fatalities; M is the upper limit of the number of fatalities per incident.
The following upper bound curve for   F N has been adopted by various countries as the safety target: (13, 16) 
where parameters k and C specify the steepness and intercept of the safety target.
Alternatively, Equation (2) can be represented by:
It should be noted that k represents a slope, i.e. the gradient of the safety target, and C denotes an intercept, i.e. the constant value that determines the position of the target.
Different combinations of k and C express various degrees of strictness. As a result, different countries may propose different targets. For example, the k and C values adopted by the Netherlands for chemical installations are C=10 -3 and k=2. (13) Societal risk is a convenient measure for decision makers to judge whether a road tunnel meets a predetermined safety target. However, it only provides a binary judgment and does not reflect the degree of danger quantitatively. Horn et al. (2008) proposed another measure, defined as the total extent to which the constraint is violated (10) . In the notation of the present paper, this is defined as:
QRA Software Tool
A user-friendly QRA software tool was developed using the Object-Oriented Design (OOD) method to implement the QRAFT model. The design and implementation of the software are illustrated by Meng and Qu (2010). (7) It is coded in C#, and uses a Microsoft Access database and XML files to manage the data. Its user-friendly interface and the database technique applied make the job of saving and editing input parameters effortless.
It thus enables us to perform a sensitivity analysis based on the proposed model. The 7 evaluate the road tunnel risk for the Marina Coastal Expressway (MCE). (6) 
RISK IMPACT ANALYSIS METHOD
In this section, we first propose an excess risk index in order to quantify the magnitude of risk for road tunnels which do not meet safety targets. Based on the proposed index, an excess risk-based risk impact analysis is presented, to examine how the traffic flow parameters influence risks.
Excess Risk Index
Equation (4) is a good index to measure the degree of danger quantitatively. In mathematical terms, the weighting for severity appears to be linear in Horn's index (cumulative quantities). However, land transport authorities pay much more attention to high-consequence events. Therefore, the high-loss events, even if their frequencies of occurrence are very low, should be given higher weight. Accordingly, following Horn et al.'s work, we propose a risk index, the "excess risk index", defined as the weighted summation of the distances between the predetermined safety target and the F/N points which are above the safety target.
In reality, the concept of excess risk index is also similar to the well-known risk index
named Conditional Value at Risk (also called mean excess risk) in finance studies (17, 18) .
The relationship between societal risk and excess risk is just the same as that between
Value at Risk and Conditional Value at Risk. In both cases, an exceedance measure reports the extent to which a predetermined safety target is violated. In these measures, a quadratic weighting is given to high-consequence events, compared to aggregates of smaller events. As we mentioned earlier, land transport authorities also pay much more attention to high-consequence events compared to low-consequence ones. In the present application, it is therefore appropriate to use a quadratic risk index rather than a form such as Equation (4). The mathematical expression of the excess risk index is shown by Equation (5).
For an acceptable F/N curve, S e takes the value of 0. As shown in Figure 1 , with increasing numbers of fatalities, the F/N curve shifts to the right, while with increasing frequencies it shifts upwards, and wherever F(N) surpasses the target curve, the excess risk value becomes non-zero. In reality, excess risk basically refers to the area of any regions where F(N) lies above the line of the predetermined safety target. 
Impact Analysis of Traffic
Excess Risk Index-Based Risk Impact Analysis
A risk impact analysis of the two contributing factors, traffic volume and proportion of HGVs, to the societal risk of a road tunnel can be implemented easily using the QRAFT software tool. The F/N curve can be generated using the tool on a case by case basis. The risk impact analysis procedure works as follows. Firstly, determine the ranges of traffic volume (X i ) and proportion of HGVs (Y j ) and discretize these ranges. The range of traffic volume may be assumed to be between 1,000 and 1,800 vehs/hour·lane, based on historical data, and the step is taken to be 200 vehs/hour·lane, based on expert judgment. The examined traffic volumes are thus taken to be 1,000, 1,200, 1,400, 1,600, and 1,800 vehs/hour·lane. Further details are given in Section 4. The values of the other input parameters required in the QRA model (as described in Section 2.1) can be acquired from historical data and the design documents of the road tunnels. These values are held constant in this risk impact analysis.
Next, a quantitative risk analysis is performed for all possible combinations of the two major contributing factors (traffic volume and proportion of HGVs). The societal risk for all combinations is generated using the QRA software tool and the excess risk (R e ) can thus be calculated using Equation (5) . Excess risk can thus be considered as the output of the various combinations of the two contributing factors.
Finally, an excess risk contour chart is introduced to illustrate the changing pattern of excess risk. We plot points (combinations of the two contributing factors) which produce the same excess risk, that is, for a given value of excess risk  , we plot the points (X i , Y j ) where . Then, the B-spline curve fitting method, a process of constructing a smooth curve with the best fit to a series of data points, is adopted to generate a smooth contour line. Finally, the excess risk contour chart is drawn using these curve fitting methods for varying values of ( , ) Figure 2 illustrates the two-factor impact analysis procedure.
Fig. 2: Two-factor sensitivity analysis procedure
It should be pointed out that this method and the proposed index could also be applied to analyze the impact of other input parameters, and could also be generalized to analyze three or more parameters as well.
RISK IMPACT ANALYSIS FOR SINGAPORE ROAD TUNNELS
We have applied this methodology in conjunction with LTA of Singapore to evaluate the effect of the two above-mentioned important contributing factors: traffic volume and the proportion of HGVs. Thereby, the traffic capacity and acceptable proportion of HGVs in terms of risk in the three existing non-homogeneous urban road tunnels in Singapore have been derived.
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The Kallang/Paya Lebar Expressway (KPE) in Singapore, shown in Figure Figure 5(a) shows that if the traffic volume is relatively low, even with a 30% proportion of HGVs, the F/N curve stays below the safety target. However, at 1,400 vehs/hour·lane (which is likely, due to the densely populated nature of Singapore), even 15% HGVs could impose a significant threat to the tunnel's users, since some of the F/N points exceed the safety target (Fig. 5(b) ). 
Excess Risk Index Contour Chart
The above impact analysis indicates that traffic volume and the proportion of HGVs have a significant impact on the tunnel risk. Therefore, both parameters should be taken into consideration in the impact analysis. For each combination of these two parameters, the excess risk index is calculated using the QRAFT software tool. The excess risk index-based contour chart is drawn by varying the traffic volume from 1,000 to 1,800 vehs/hour/lane in steps of 200 and the proportion of HGVs from 5% to 30% in steps of 5%. After obtaining the excess risk value for all thirty possible combinations of the two variables, the risk contour chart is drawn using the curve fitting method (as described earlier). The contour chart is shown in Figure 6 .
Region 1 is considered to be the safe region. The excess risk index will become bigger as the traffic volume and proportion of HGVs increase. This contour chart can assist decision-makers in deciding on the most appropriate combination of traffic volume and proportion of HGVs for any given safety target.
As the population of Singapore increases, more road tunnels will be built due to the need for more efficient land use. Furthermore, more HGVs pass along Singapore's expressways than along other countries' roads, due to the need to transport containers to and from the port of Singapore, the busiest container port in the world. It is thus important to determine the most suitable combinations of the two most important contributing factors to societal risk. Considering the urban nature of Singaporean road tunnels, traffic volume tends to be at the higher end of the range that we have considered in our impact analysis. This means that the road tunnels may be operating near to the risk contour line 0, which shows the maximum allowable traffic volume Accordingly, the LTA can insist that HGVs pass through road tunnels only during off-peak hours when traffic volumes are lower. Secondly, a tunnel entry control could be used in the entrance of the road tunnel during peak times, to ensure a safe distance of more than one hundred meters, or at least the braking distance based on the speed limit of the road tunnel. Thirdly, electronic road pricing (ERP) and ramp metering could be used to limit the traffic flow. The risk index contour chart could be used to examine the efficiency of a road pricing strategy from the viewpoint of risk reduction.
CONCLUSIONS AND FUTURE WORK
This paper has developed a QRA model-based impact analysis methodology to evaluate the impact of contributing factors on societal risk. In addition, an "excess risk index" has been defined to quantify the severities of unacceptable scenarios which place road tunnel operations above a predetermined safety target. A contour chart, based on the excess risk index, was plotted using all possible combinations of two different parameters. The contour chart can be used to help decision makers to implement suitable risk reduction solutions. Finally, the QRAFT software tool was applied to generate the F/N curves and the values of the excess risk index for the KPE road tunnel. The analysis shows that the maximum tolerable traffic volume is 1,200
vehs/hour·lane and the maximum acceptable proportion of HGVs is 18% of the total traffic volume.
It should be pointed out that a number of parameters are difficult to estimate precisely. Thus, there is an issue of uncertainty resulting from a lack of information and inherent variability. In the earlier study (4) , we use crisp numbers (most likely value or mean value) to represent those input parameters without considering the parameter uncertainty. Further studies should be carried out to better represent the input parameters and propagate parameter uncertainty. In reality, although the uncertainties are not taken into account in this study, the proposed methodology has more general applications to the probabilistic QRA models which take parameter uncertainty into account. Future work might carry out the risk impact analysis based on QRA models with parameter uncertainty.
